E[ukaryotic]{.smallcaps} cells internalize plasma membrane, surface receptors, and small molecules via several distinct endocytic processes (reviewed in [@B5]; [@B3]; [@B27]; [@B94]; [@B92]; [@B70]; [@B47]). The most characterized process is receptor- or clathrin-mediated endocytosis ([@B4]; [@B26]), which uses a clathrin and adaptor protein complex to sequester receptors and associated ligands into 100--150-nm-diam coated pits at the plasma membrane (reviewed in [@B27]; [@B60]). Recently, a more enigmatic endocytic process has been studied whereby cells internalize certain glycosylphosphatidylinositol (GPI)^1^-linked proteins, albumin, bacterial toxins, class I human leukocyte antigen (HLA), viruses, and small proteins (e.g., [@B33]; Kartenbeck, et al., 1989; [@B58]; [@B63], [@B64]; [@B73], [@B76]; [@B81], [@B82]; [@B84]). This pathway, which is clearly distinct from clathrin-mediated endocytosis, relies on flask-shaped, nonclathrin-coated, 50--85-nm-diam plasmalemmal vesicles called caveolae (e.g., Palade, G.E. 1953. *J. Appl. Physics.* 24:1424 (Abstr.); [@B54]; [@B67]; [@B95]). The molecular mechanisms by which these distinct plasmalemmal invaginations are severed to produce endocytic vesicles both require GTP hydrolysis, yet remain largely undefined ([@B9]; [@B76]). Whereas the dynamins have been implicated in the scission of clathrin-coated vesicles from the plasma membrane ([@B85]; reviewed in [@B16]), it is unknown how caveolae and noncoated plasmalemmal invaginations detach to form free endocytic vesicles.

The dynamins are a multigene family of large (100-kD) GTPases that were originally identified in the brain ([@B78]) and, more recently, have been implicated in endocytosis (reviewed in [@B16]; [@B66]; [@B88]; [@B93]). Seminal studies on the paralytic *shibire^ts1^* mutants of *Drosophila melanogaster* ([@B28]), which express a temperature-sensitive mutation in the GTP-binding domain of the fly dynamin ([@B10]; [@B90]), revealed dramatic ultrastructural alterations of the plasma membrane in both neuronal and epithelial cells (reviewed in [@B88]). At the restrictive temperature, nerve terminals of paralyzed flies are depleted of synaptic vesicles and accumulate short, nonclathrin-coated, "collared" pits at the plasma membrane, consistent with a defect in the endocytic retrieval of synaptic vesicle membrane ([@B39]; [@B41]; [@B62]). In contrast, epithelial cells of paralyzed flies contain numerous long plasmalemmal invaginations attached to clathrin-coated pits, suggesting an impairment of clathrin-mediated endocytosis (Kessel et al., 1989; [@B40]; [@B42]). These observations are supported by more recent studies on mammalian cells overexpressing a mutant dynamin, in which clathrin-mediated endocytosis is impaired (Herskovitz et al., 1993; [@B91]; [@B14], [@B15]), leading to the formation of long plasmalemmal invaginations that are similar to those observed in epithelial cells from the *shibire^ts1^* mutants ([@B14]). Further characterization of these transfected cells showed that fluid-phase endocytosis is not inhibited (Herskovitz et al., 1994; [@B14]) but upregulated over time, possibly to compensate for the inhibition of clathrin-mediated endocytosis ([@B15]). This change in fluid-phase endocytosis is particularly surprising when compared with cells of the *shibire^ts1^* mutants, in which both clathrin-mediated endocytosis and fluid-phase endocytosis are inhibited at the restrictive temperature (Kessel et al., 1989; [@B41],*b*). Thus, it is currently unclear whether the dynamins participate solely in one or several endocytic processes. It has been hypothesized that multiple dynamin isoforms may perform a variety of endocytic functions ([@B6]; [@B88]).

Three distinct dynamin genes have been identified in mammals. Dynamin I (Dyn1) is expressed exclusively in neurons ([@B52]), dynamin II (Dyn2) is found in all tissues ([@B11]; [@B83]), and dynamin III (Dyn3) is restricted to the testis, the brain, the lung, and the heart (Cao, H., and M.A. McNiven, manuscript in preparation; [@B12]; [@B51]). Each dynamin gene encodes four or more alternatively spliced isoforms (reviewed in [@B66]; [@B88]). Thus, all cells coexpress at least four Dyn2 isoforms, and neurons may express 12 or more distinct dynamins. Additional unidentified dynamin family members are likely to exist as well. It is unclear if the different dynamin gene products perform redundant functions or participate in distinct endocytic processes. To date, the important studies on cultured mammalian cells have overexpressed a mutant Dyn1 isoform in epithelial cells that do not normally express Dyn1 but rather four isoforms of Dyn2 ([@B14], [@B15]; Herskovitz et al., 1993; [@B91]). Therefore, the resulting phenotype that is observed in these cells may provide only a partial view of the cellular processes in which the endogenous dynamins are involved.

The focus of this study was to extend the observations described above and define the function of a single dynamin family member in mammalian epithelial cells. To this end, we generated antibodies to peptides representing a conserved domain of the dynamin family and to a second region that is specific to the ubiquitously expressed Dyn2. Our goal was to test the effects of these affinity-purified antibodies on distinct endocytic processes and plasmalemmal morphology when injected into cultured mammalian epithelial cells. We found that two of these anti-dynamin antibodies inhibited the cellular uptake of fluorescent transferrin conjugates and induced the formation of long clathrin-coated invaginations from the plasma membrane, consistent with the *shibire^ts1^* phenotype and the observations from epithelial cells overexpressing a mutant Dyn1 isoform. In addition to these long clathrin-coated membranes in the anti-dynamin antibody-injected cells, we observed numerous, nonclathrin-coated, flask-shaped structures resembling caveolae that accumulated at the plasma membrane. The density of these plasmalemmal invaginations was increased significantly in the anti-dynamin antibody-injected cells compared with controls. Strikingly, these caveolar profiles frequently formed large, aberrant, grape-like clusters that extended deep within the cytoplasm. To determine if these structures represented a perturbation of normal caveolar function, we showed that the internalization of fluorescein-labeled cholera toxin B (FITC-cholera toxin B), which normally is mediated by caveolae, was inhibited in anti-dynamin antibody-injected cells. Electron microscopy confirmed that HRP-labeled cholera toxin B (HRP-cholera toxin B) remained concentrated in plasmalemmal caveolae in these inhibited cells and did not gain access to cytoplasmic organelles. To verify that dynamin associates with caveolae, an anti-dynamin antibody was used to immunoisolate caveolar membranes from a subcellular postnuclear membrane fraction. In addition, double label immunofluorescence microscopy of cultured hepatocytes revealed a significant overlap between dynamin and caveolin. These results demonstrate that Dyn2 participates in an additional endocytic process that is distinct from clathrin-mediated endocytosis and provide insight into the molecular mechanisms governing the GTP-mediated internalization of caveolae.

Materials and Methods {#MaterialsMethods}
=====================

Cell Culture
------------

A normal mouse hepatocyte cell line (BNL CL.2; [@B59]) from American Type Culture Collection (Rockville, MD) was maintained in DME containing 4.5 g/liter glucose and 10% FBS (GIBCO BRL, Gaithersburg, MD). These nonpolarized cells make albumin but, unlike hepatocytes in situ, express high levels of caveolin and only trace amounts of the polymeric IgA receptor (pIgA-R; data not shown, but see Fig. [9](#F9){ref-type="fig"}). Cells were grown in plastic culture flasks for biochemical analyses, on acid-washed coverglasses for fluorescence microscopy, and on carbon-coated and glow-discharged gridded coverglasses (Bellco Glass, Inc., Vineland, NJ) for electron microscopy.

Antibodies and Reagents
-----------------------

Polyclonal anti-peptide antibodies to dynamin were generated in rabbits and affinity purified as described previously ([@B29]). The anti-Pan61 and anti-Pan65 antibodies were made to peptide sequences representing amino acids 262--292 and 223--249 of Dyn1, respectively (see Fig. [1](#F1){ref-type="fig"} *a*), which are conserved among the known mammalian dynamin isoforms ([@B11]; [@B51]; [@B52]; [@B83]). The anti-Dyn2T antibody was raised against a peptide sequence representing amino acids 761--785 of Dyn2 (see Fig. [1](#F1){ref-type="fig"} *a*), which is unique to the four Dyn2 isoforms, sharing only 20--26% identity with the other dynamin gene products ([@B11]; [@B83]). The polyclonal isoform-specific anti-Dyn1, anti-kinesin, and anti--pIgA-R antibodies have been described ([@B29]). Monoclonal anti-caveolin antibodies were purchased from Transduction Laboratories (Lexington, KY) and Zymed Laboratories, Inc. (South San Francisco, CA). A polyclonal antibody to the β~1~ subunit of the Na^+^/K^+^ ATPase was from Upstate Biotechnology Inc. (Lake Placid, NY), as was a goat anti-- rabbit IgG Fc antibody. Secondary goat anti--rabbit and goat anti--mouse IgG antibodies linked to HRP were from Tago, Inc. (Burlingame, CA). Fluorescein- and Texas red--labeled dextrans (3 kD, lysine fixable), fluorescent conjugates of human transferrin, and Cascade blue hydrazide (dilithium salt) were from Molecular Probes, Inc. (Eugene, OR), as were the SlowFade and ProLong antifade reagents. A monoclonal antibody to α-adaptin as well as FITC-- and HRP--cholera toxin B were from Sigma Chemical Co. (St. Louis, MO).

Subcellular Fractionation, Immunoprecipitation, Immunoisolation, and Western Blot Analysis
------------------------------------------------------------------------------------------

Livers were isolated from male Sprague Dawley rats (Harlan Sprague Dawley Inc., Indianapolis, IN) and homogenized at 2,800 rpm with a Potter-Elvehjem type homogenizer after adding 3 vol of 4°C Buffer A (10 mM Hepes, pH 7.2, 25 mM sucrose, and 10 mM EGTA) containing protease inhibitors (1 mM phenylmethylsulfonyl fluoride, 100 μg/ml soybean trypsin inhibitor, 10 μg/ml leupeptin, 10 μg/ml *p*-toluenesulfonyl-[l]{.smallcaps}-arginine methyl ester, and 5 μg/ml pepstatin A). The homogenate was centrifuged 15 min at 13,000 *g* then 1 h at 100,000 *g*, and the supernatant was collected as the cytosolic fraction. This cytosolic fraction was subjected to SDS-PAGE and Western blot analysis.

For immunoprecipitations, brains from male Sprague Dawley rats were homogenized as described above in 4 vol of 4°C RIPA buffer (50 mM Tris, pH 8.0, 150 mM NaCl, 1 mM EDTA, 1% Triton X-100, 0.5% deoxycholate, and 0.1% SDS) containing protease inhibitors. The homogenate was centrifuged as above and the supernatant collected as the clarified extract. Appropriate antibodies (5 μg) were incubated with 1-ml fractions (15--25 mg) of the clarified extracts, and then preswollen protein A beads (5 mg) were added before a second incubation. Incubations were 2--12 h at 4°C with rotation. Beads and immune complexes were collected by centrifuging 3 min at 7,000 *g* and then rinsed 4 × 5 min with the starting buffer before being subjected to SDS-PAGE and Western blot analysis.

Immunoisolations were done as reviewed by [@B32]. To prepare the starting membrane fraction, confluent cultures of hepatocytes (∼600 cm^2^)were scraped into 4°C buffer A containing protease inhibitors and homogenized by sonication. The homogenate was centrifuged 10 min at 1,000 *g* to obtain a postnuclear supernatant that then was centrifuged 1 h at 100,000 *g* to collect the pellet as the postnuclear membrane fraction. This postnuclear membrane fraction was resuspended gently in PBS-FBS (8.1 mM NaHPO~4~, 1.2 mM KH~2~PO~4~, pH 7.2, 138 mM NaCl, 2.7 mM KCl, 2 mM EDTA, 0.9 mM CaCl~2~, 0.5 mM MgCl~2~, and 5% FBS). Affinity-purified anti-Pan61 antibody, or the anti--pIgA-R antibody as a control, were linked to Dynabeads M-500 Subcellular superparamagnetic beads (Dynal, Inc., Lake Success, NY) as described previously ([@B29]). The appropriate antibody-coated beads (10 mg) and 0.5--2.0 mg of the starting membrane fractions were incubated ∼8 h at 4°C with rotation in 1 ml of PBS-FBS. The beads and any bound membranes then were collected with a magnet, rinsed three times with PBS-FBS, and subjected to SDS-PAGE and Western blot analysis.

The protein concentration of each cellular extract was determined using bicinchoninic acid, as per instructions from the manufacturer (Pierce Chemical Co., Rockford, IL). For Western blot analysis, cellular protein extracts and immune complexes were reduced in sample buffer (62.5 mM Tris, pH 6.8, 5% glycerol, 4% β-mercaptoethanol, 2% SDS, and 4 μg/ml bromophenol blue), separated by discontinuous SDS-PAGE ([@B44]) and electrophoretically transferred to polyvinyldifluoridine filters ([@B86]). Filters containing transferred proteins were incubated with appropriate primary antibodies (0.5--1 μg/ml) and then HRP-conjugated secondary antibodies (0.5--1 μg/ml), as reported previously ([@B29]). Reactive bands were visualized by exposing the filters to autoradiographic film (Eastman Kodak Co., Rochester, NY) after using enhanced chemiluminescence detection reagents (Amersham Corp., Arlington Heights, IL) as per instructions from the manufacturer. Developed autoradiographs were subjected to densitometric analysis using a Bio-Rad imaging densitometer (Model GS-700) and Molecular Analyst software (Bio-Rad Laboratories).

Microinjections
---------------

Microinjections were done on a 37°C microscope stage and cells were allowed to recover 2--6 h before subsequent manipulations. Cells were pressure injected using an IM-200 microinjector system (Narishige USA, Inc., Greenvale, NY) and microneedles that were pulled from thin-wall (1.0-mm outer diam; 0.78-mm inner diam) borosilicate tubing (with filament) using a Flaming/Brown P-97 micropipette puller (Sutter Instrument Co., Novato, CA). Injected antibodies were purified anti-Pan65, anti-Dyn2T, or irrelevant anti-kinesin antibodies that were dialyzed and concentrated (2--15 mg/ml) in microinjection buffer (10 mM KH~2~PO~4~, pH 7.2, and 75 mM KCl) using 30-kD molecular mass cut off Nanosep Microconcentrators (Pall Filtron Corp., Northborough, MA). For additional control injections, the anti-Pan65 and anti-Dyn2T antibodies were heat inactivated by incubating 5 min at 100°C. Cascade blue hydrazide (2.5 mM) or fluorescent dextran conjugates (400 μM) were added to all microinjection solutions. This served as an indicator for successful microinjections and enabled injected cells to be identified readily by fluorescence microscopy after functional assays were performed. For experiments where electron microscopy would be used, it was necessary to inject every cell within a particular square (1 mm^2^) of the gridded coverglass. In some of these experiments colloidal gold (5-nm diam) was included in the injection solution to identify injected cells by electron microscopy.

Functional Assays
-----------------

As a measure of clathrin-mediated endocytosis, the cellular internalization of rhodamine-, fluorescein-, or Texas red--labeled transferrin was assayed. First, cells were rinsed with 37°C HBSS (Sigma Chemical Co.) and incubated in DME containing 2% defatted BSA (DME-BSA) to remove unlabeled transferrin. Cells then were incubated 15 min at 37°C in DME-BSA containing 5 μg/ml of an appropriate fluorescent transferrin conjugate to allow internalization. Finally, cells were rinsed twice with 4°C DME-BSA (adjusted to pH 3.5 with acetic acid) and four times with HBSS to remove surface labeling and then processed for fluorescence microscopy.

To assay caveola-mediated endocytosis, the internalization of FITC-- or HRP--cholera toxin B was monitored by fluorescence or electron microscopy, respectively. Cells were rinsed with HBSS and incubated in DME-BSA as above, then chilled to 4°C and incubated 15 min in DME-BSA containing 4 μg/ml FITC-- or HRP--cholera toxin B. Labeled cells were rinsed four times with 4°C HBSS to remove unbound toxin. These cells then were incubated ∼2.5 h in DME-BSA at 37° C to allow internalization and appropriately fixed. For double labeling experiments, 5 μg/ml Texas red--labeled transferrin was included during the last 15 min of the 2.5 h internalization incubation at 37°C before rinsing the cells as in the assay for clathrin-mediated endocytosis.

Fluorescence Microscopy
-----------------------

Labeled cells were rinsed briefly with 37°C PBS (8.1 mM NaHPO~4,~1.2 mM KH~2~PO~4~, pH 7.2, 138 mM NaCl, 2.7 mM KCl, 0.9 mM CaCl~2~, and 0.5 mM MgCl~2~), submerged in 37°C fixative (100 mM Pipes, pH 6.95, 3 mM MgSO~4~, 1 mM EGTA, and 2.5% formaldehyde) and incubated 20 min at room temperature. For indirect immunocytochemistry, fixed cells were permeabilized with PBS containing 0.1% Triton X-100 and then incubated with antibodies as described ([@B29]). Cells were rinsed three times with PBS and once with distilled water, then they were mounted in SlowFade or ProLong antifade reagents. Digital images were acquired using an intensified charged coupled device camera (XC-77; Hamamatsu Photonics K.K., Hamamatsu City, Japan) or a cooled charged coupled device camera (SenSys; Photometrics, Tucson, AZ) attached to a Zeiss Axiovert 35 microscope that was equipped with a mercury arc (50 or 100 W). A laser scanning confocal microscope (LSM-410; Carl Zeiss, Inc.) also was used. Acquired images were manipulated with Image-1 and Metamorph software (Universal Imaging Corp., West Chester, PA) then stored on a computer hard drive. Alternatively, photographic images were recorded on Kodak film (Ektachrome, 400 ASA or Tmax, 3200 ASA) using a 35-mm camera attached to the microscope, and the images were digitized using a SprintScan 35 slide scanner (CS-2700; Polaroid Corp., Cambridge, MA) and Adobe Photoshop software (Adobe Photosystems, Inc., Mountain View, CA).

Electron Microscopy
-------------------

For conventional electron microscopy, cells were rinsed with 37°C PBS, submerged in 37°C primary fixative (100 mM cacodylate, pH 7.4, 60 mM sucrose, 2.5% glutaraldehyde) and incubated 1 h at room temperature. Cells then were incubated 1 h at room temperature in 1% osmium tetroxide. Fixed cells subsequently were incubated 1 h at room temperature in 1% uranyl acetate, dehydrated in a graded series of ethanol, and embedded in Quetol 651 (Ted Pella, Inc., Redding, CA). To make the plasma membrane electron dense, 1 mg/ml ruthenium red was included in the primary fixative and in the 1% osmium tetroxide solution, and cells were osmicated an additional 2 h. For the cytochemical detection of HRP, cells were rinsed, incubated 30 min in the fixative (100 mM cacodylate, pH 7.4, 100 mM sucrose, 0.5% glutaraldehyde) and then reacted with 1 mg/ml diaminobenzidine and 0.012% hydrogen peroxide for 15 min. Cells then were rinsed, incubated 1 h in 1% osmium tetroxide and 1.5% potassium ferricyanide and processed for electron microscopy as above.

After the embedding, the carbon interface enabled the underlying gridded coverglass to be separated readily from the embedded cells, leaving an imprint of the grid on the block face. This allowed the block face to be trimmed so that only the 1-mm^2^ square containing the injected cells remained. Thin sections (0.09--0.1 μm) were cut parallel to the ventral surface of the cells using a diamond knife (Diatome U.S., Fort Washington, PA) and an Ultracut E microtome (Reichert-Jung, Wien, Austria). Sections were collected on copper grids, post-stained with lead citrate and viewed at ∼60 kV with a JEOL 1200 transmission electron microscope (JEOL USA, Peabody, MA).

Quantitative and Statistical Analyses
-------------------------------------

All quantitation and stereology were done in a blinded fashion using standard techniques. The results presented (see Figs. [3](#F3){ref-type="fig"} and [7](#F7){ref-type="fig"}; Tables [I](#TI){ref-type="table"} and [II](#TII){ref-type="table"}) are averages of data sets that were obtained by at least two of the authors who conducted these experiments in parallel. Quantitation of plasmalemmal invaginations and the surface density of caveolae was performed on electron micrographs of entire cell profiles. Micrographs were printed at a magnification of 4,000--12,000. To quantify the amount of invaginated plasma membrane, an overlay grid was used to count the number of points falling on ruthenium red--stained membranes relative to the number of points within the confines of the cell. A hand held magnifier (3×) aided in the identification of internal ruthenium red--stained membranes. Caveolae were defined by morphological criteria as plasmalemmal vesicles between 50 and 80 nm in diameter that lacked any obvious cytoplasmic coats. To determine the surface density of caveolae, we counted the number of ruthenium red--stained caveolae per cell that were within 50 nm of the plasma membrane. The perimeter of each cell then was traced on a digitizing pad and converted to micrometers using an NIH Image 1 software package (National Institutes of Health, Bethesda, MD). From these values we calculated the number of caveolae/μm/cell. Results from the studies are expressed as the median ± SEM for each data set. Significance levels were determined by the Wilcoxin rank sum statistical analysis, as described in the footnotes to Tables [I](#TI){ref-type="table"} and [II](#TII){ref-type="table"}.

For quantitation of the functional assays by fluorescence microscopy, injected hepatocytes were identified by the distinctive fluorescence of the injectate. The injected cells then were scored as uninhibited when the fluorescence of the appropriate ligand was detected within the fixed cell or, alternatively, they were scored as inhibited when internal fluorescence could not be detected. Results from these experiments were expressed as the percentage of injected cells that were uninhibited and are presented as the mean of observations made on \>45 cells for each solution injected, as described in the figure legends.

Results {#Results}
=======

Characterization of Anti-dynamin Antibodies
-------------------------------------------

In this study we have used peptide-specific antibodies to define the function of Dyn2 in vivo. Fig. [1](#F1){ref-type="fig"} *a* shows a schematic representation of Dyn2 and the regions and peptide sequences to which three different polyclonal antibodies were made. The regions designated Pan61 and Pan65 are located within the NH~2~-terminal enzymatic domain that is conserved among all of the known dynamin isoforms, yet are distinct from other GTP-binding proteins. The third region, Dyn2T, is within the proline-rich COOH-terminal tail and is unique to Dyn2. For control experiments, we used an antibody to the microtubule-based motor enzyme kinesin ([@B89]) that shares some sequence homology to dynamin within the nucleotide-binding domain ([@B52]). Each of the anti-dynamin antibodies recognized a prominent band at ∼100 kD by Western blot analysis of a rat liver cytosolic fraction (Fig. [1](#F1){ref-type="fig"} *b*) and complete lysates of cultured murine hepatocytes and human skin fibroblasts (data not shown). Although an ∼87 kD-band also was detected with the anti-Pan65 antibody in some preparations, the anti-Dyn2T antibody was specific for dynamin and did not cross react with unrelated proteins (Fig. [1](#F1){ref-type="fig"} *b* and data not shown). The dynamin band was not detected with a previously characterized antibody that is specific for Dyn1 ([@B29]), since Dyn1 is not expressed in epithelial cells (Fig. [1](#F1){ref-type="fig"} *b*; [@B11]; [@B83]). Finally, the control anti-kinesin antibody recognized a characteristic ∼120 kD-band, but not the dynamin band (Fig. [1](#F1){ref-type="fig"} *b*).

To test for isoform specificity, these antibodies were used to immunoprecipitate dynamin from the brain, a tissue that expresses all of the known dynamin isoforms. The immune complexes were subjected to SDS-PAGE and Western blot analysis with the purified isoform-specific antibody to Dyn1 and the anti-Dyn2T antibody. As expected, the anti-Pan61 and anti-Pan65 antibodies each coprecipitated Dyn1 and Dyn2, whereas the anti-Dyn2T antibody recognized Dyn2 predominantly and precipitated only trace amounts of Dyn1 (Fig. [1](#F1){ref-type="fig"} *c*). Based on these results, the antibody reagents used in this study are predicted to provide specific tools to test the function of dynamin in vivo.

Antibodies to Dynamin Inhibit Clathrin-mediated Endocytosis
-----------------------------------------------------------

To directly test the function of dynamin in endocytic processes, we injected cultured murine hepatocytes with the anti-Pan65 and anti-Dyn2T antibodies or the respective heat-inactivated antibodies and an anti-kinesin antibody as controls. Because dynamin has been implicated in clathrin-mediated endocytosis, we first assayed whether injected cells could internalize rhodamine-labeled transferrin (rhodamine-transferrin). This ligand is endocytosed by a clathrin-mediated pathway ([@B31]; [@B68]) and has been used previously to assess the function of dynamin ([@B14], [@B15]; [@B91]). As shown in Fig. [2](#F2){ref-type="fig"}, cells injected with the heat-inactivated antibodies endocytosed rhodamine- transferrin, as did the adjacent uninjected cells. Cells injected with the anti-kinesin antibody also internalized the fluorescent ligand (data not shown, but see Fig. [3](#F3){ref-type="fig"}). In contrast, clathrin-mediated endocytosis was inhibited in cells that were injected with the native affinity-purified anti-Dyn2T antibody as assessed by the lack of internal rhodamine-transferrin fluorescence. Identical results were obtained in cells that were injected with the anti-Pan65 antibody. The effects of these antibody injections on clathrin-mediated endocytosis were quantitated by determining the percentage of injected cells that internalized rhodamine-transferrin (Fig. [3](#F3){ref-type="fig"}). As expected, we found that 77--90% of the control anti-kinesin and heat-inactivated antibody injected cells endocytosed fluorescent transferrin conjugates. In contrast, only 8--16% of the anti-Pan65 and anti-Dyn2T antibody-injected cells internalized the ligand, consistent with a greater than fourfold decrease in clathrin-mediated endocytosis.

Next we analyzed the ultrastructure of antibody-injected cells by electron microscopy to test for aberrations in plasmalemmal morphology. To discriminate between internalized vesicles and those associated with the plasma membrane, we processed cells for electron microscopy using ruthenium red in the primary and secondary fixations. This electron-dense dye stains the outer leaflet of the plasma membrane and any continuous invaginations at the time of fixation ([@B34]). We observed numerous, long, ruthenium red--stained, plasmalemmal invaginations in the anti-Pan65 (data not shown) and anti-Dyn2T antibody-injected cells (Fig. [4](#F4){ref-type="fig"}) similar to those seen in the *shibire^ts1^* mutant cells at the restrictive temperature ([@B38]) and mammalian cells overexpressing a mutant dynamin ([@B14]). Densely stained, clathrin-coated pits frequently were associated with these plasmalemmal invaginations, consistent with a defect in clathrin-mediated endocytosis. Plasmalemmal invaginations that formed in control and anti-dynamin antibody-injected cells were quantitated by determining the percentage of the cell volume that contained ruthenium red--labeled membranes. Significantly, the amount of invaginated plasma membrane increased about twofold in the anti-dynamin antibody-injected cells over that found in cells that were injected with the heat-inactivated antibodies (Table [I](#TI){ref-type="table"}). These results confirm that Dyn2 specifically plays a role in clathrin-mediated endocytosis and demonstrate that the function of Dyn2 can be inhibited effectively in living cells through the microinjection of the anti-Pan65 and anti-Dyn2T antibodies.

Distinct Endocytic Structures Accumulate in Anti-dynamin Antibody-injected Cells
--------------------------------------------------------------------------------

In addition to the long clathrin-coated pits that formed in the anti-dynamin antibody-injected cells, we observed many smaller 65--75-nm-diam plasmalemmal invaginations that did not have clathrin coats, but closely resembled caveolae (Fig. [5](#F5){ref-type="fig"}). Caveolae ("small caves") are specializations of the plasma membrane that are found in many different cells types (reviewed in [@B2]; [@B48]; [@B56]; [@B77]). These plasmalemmal vesicles were described first by conventional transmission electron microscopy based on their characteristic ultrastructure; they are 50--85 nm in diameter, flask-shaped, and have no obvious cytoplasmic coats (Palade, G.E. 1953. *J. Appl. Physics.* 24:1424 (Abstr.); [@B54]; [@B95]). Although the precise cellular function of caveolae remains undefined, they have been implicated in the internalization of specific ligands, including cholera toxin ([@B49]; [@B87]; [@B55]; [@B76]), GPI-anchored proteins ([@B58]; [@B81], [@B82]), albumin ([@B73]), small proteins ([@B63], [@B64]), HLA antigens ([@B33]), and SV40 ([@B37]; [@B84]). The scission of these plasmalemmal vesicles from the plasma membrane during caveola-mediated endocytosis is dependent upon GTP hydrolysis ([@B76]). Although single caveolar profiles were found normally in uninjected and control-injected cells (data not shown, but see Fig. [8](#F8){ref-type="fig"}), many of the caveolar profiles observed in the anti-dynamin antibody-injected cells were comprised of 3--8 vesicles arranged as complex clusters (Fig. [5](#F5){ref-type="fig"} *a*) or long chains (Fig. [5](#F5){ref-type="fig"} *b*). These large clusters and chains, which appear to be groups of scission-incompetent caveolae, rarely were seen in uninjected cells or in cells that were injected with the control solutions. Whereas many of these complex structures were linked directly to the plasma membrane (Fig. [5](#F5){ref-type="fig"}, *a* and *b*), others were resolved deep within the cytoplasm (Fig. [5](#F5){ref-type="fig"} *c*). Such structures may represent plasmalemmal invaginations that extend in and out of the plane of section or truly may be internal endocytic or secretory compartments. To discriminate between these possibilities, we again used ruthenium red to stain the surface membranes as was done for examining the clathrin-coated pits shown in Fig. [4](#F4){ref-type="fig"}. From this staining we could resolve many darkly stained clusters of caveolae both at the plasma membrane (Fig. [5](#F5){ref-type="fig"}, *d* and *e*) and deeper within the cytoplasm (Fig. [5](#F5){ref-type="fig"} *d*). We quantitated the density of caveolar invaginations at the plasma membrane and found a greater than twofold increase from 0.93 per μm in control-injected cells to 2.18 per μm in cells that were injected with the anti-Pan65 and anti-Dyn2T antibodies (Table [II](#TII){ref-type="table"}).

Anti-dynamin Antibodies Inhibit Caveola-mediated Uptake of Labeled Cholera Toxin B
----------------------------------------------------------------------------------

The significantly increased density of plasmalemmal caveolae in the anti-dynamin antibody-injected cells (see Table [II](#TII){ref-type="table"}) is consistent with Dyn2 directly mediating the scission of caveolae at the plasma membrane. An alternative explanation is that a caveola-mediated endocytic pathway was upregulated in these injected cells in response to inhibiting the function of Dyn2. This possibility is supported by the findings of [@B15], who showed there was an increase of fluid-phase endocytosis in cultured cells overexpressing a mutant Dyn1. To test whether caveola-mediated endocytosis was inhibited or upregulated in the anti-dynamin antibody-injected cells, we used an assay to follow in vivo the internalization of FITC--cholera toxin B. FITC--cholera toxin B has been used previously as a tool to study caveola-based endocytic pathways ([@B76]). This toxin binds to specific GM~1~ glycosphingolipids at the surface of multiple cell types ([@B13]; reviewed in [@B20]), where it is sequestered and internalized by nonclathrin-coated pits and vesicles that have been identified as caveolae ([@B49]; [@B87]; [@B55]). The toxin then is transported to endosomes and accumulates intracellularly within perinuclear cytoplasmic compartments ([@B36]; [@B49]; [@B55]; [@B71]; [@B76]; [@B87]). Cultured hepatocytes were injected with the native anti-Pan65 and anti-Dyn2T antibodies, and heat-inactivated antibodies or an anti-kinesin antibody were injected as controls. Cells then were labeled with FITC--cholera toxin B for 15 min at 4°C. The unbound toxin conjugate was rinsed away, and after a 2.5-h incubation at 37°C to allow the ligand to become internalized, the cells were fixed and viewed by fluorescence microscopy. To observe distinct endocytic pathways, some cells also were incubated with Texas red--labeled transferrin (Texas red--transferrin) during the last 15 min of the 2.5-h incubation. As shown in Fig. [6](#F6){ref-type="fig"}, FITC--cholera toxin B fluorescence was sequestered into brightly labeled cytoplasmic vesicles and perinuclear compartments of both control-injected and uninjected cells. In contrast, FITC-- cholera toxin B was restricted to the plasma membrane of cells that were injected with the anti-dynamin antibodies and did not accumulate intracellularly. These results are consistent with those of [@B76], who found a similar intracellular distribution of endocytosed FITC-- cholera toxin B in control cells that was disrupted in perforated cells which were pretreated with GTP-γS. The anti-dynamin antibody-injected cells also were devoid of internal Texas red--transferrin fluorescence, which indicates that both the internalization of caveolae and clathrin-mediated endocytosis were inhibited and demonstrates that Dyn2 participates in distinct endocytic processes in the same cell (Fig. [6](#F6){ref-type="fig"}). Control experiments where uninjected cells first were depleted of postassium for 2.5 h to inhibit clathrin-mediated endocytosis ([@B45], [@B46]) before the assays support the existence of these two distinct endocytic pathways in the cultured hepatocytes: FITC--cholera toxin B still was internalized normally, whereas Texas red--transferrin was not (data not shown).

The percentage of antibody-injected cells that internalized FITC--cholera toxin B was calculated to measure caveola-mediated endocytosis. Fig. [7](#F7){ref-type="fig"} demonstrates that although ∼88% of the anti-kinesin and heat-inactivated antibody-injected cells internalized FITC--cholera toxin B, this percentage dropped significantly to \<20% of the cells that were injected with the anti-Pan65 and anti-Dyn2T antibodies. Thus, caveola-mediated endocytosis is reduced greater than fourfold in the anti-dynamin antibody-injected cells.

To support these findings, we examined the antibody-injected cells by electron microscopy after labeling them with HRP--cholera toxin B. First, cultured hepatocytes were injected with the anti-Pan65 and anti-Dyn2T antibodies or heat-inactivated antibodies as a control. Then cells were incubated with HRP--cholera toxin B as in the fluorescence assay, fixed, and processed for the cytochemical detection of peroxidase. The typical localization of internalized HRP--cholera toxin B in hepatocytes injected with a heat-inactivated antibody is illustrated in Fig. [8](#F8){ref-type="fig"} *a*. By electron microscopy, peroxidase labeling was present in numerous endosomal structures, elements of the rough endoplasmic reticulum and the nuclear envelope, with negligible staining of the plasma membrane. A similar localization was found in the uninjected cells (data not shown). This internal distribution of the toxin conjugate is consistent with numerous reports from others using multiple cell types ([@B36]; [@B49]; [@B87]; [@B55]; [@B71]). In contrast, cells injected with the anti-Pan65 (Fig. [8](#F8){ref-type="fig"} *b*) and anti-Dyn2T (data not shown) antibodies did not contain internal peroxidase reaction product. Instead, HRP--cholera toxin B labeling remained at the plasma membrane where it was concentrated in nonclathrin-coated caveolar profiles and grape-like caveolar clusters (Fig. [8](#F8){ref-type="fig"}, *c* and *d*). Little, if any labeling was detected in the endosomes, the endoplasmic reticulum, or the nuclear envelope. Thus, the anti-dynamin antibody-injected cells were able to sequester HRP--cholera toxin B within plasmalemmal caveolae but were unable to complete the internalization process. These ultrastructural studies support the earlier fluorescence assay (see Figs. [6](#F6){ref-type="fig"} and [7](#F7){ref-type="fig"}) and morphological observations (see Fig. [5](#F5){ref-type="fig"} and Table [II](#TII){ref-type="table"}), confirming that Dyn2 participates in the caveola-mediated endocytosis of cholera toxin B.

Dynamin Associates with Caveolae
--------------------------------

To verify that dynamin was present on caveolar membranes, we first performed immunoisolation experiments using the anti-Pan61 antibody and a control polyclonal antibody to the pIgA-R ([@B29]). Antibodies were linked to paramagnetic beads and then incubated with a postnuclear membrane fraction that was obtained from the same cultured murine hepatocytes used throughout this study. Immunobeads and bound membranes were collected with a magnet, rinsed, and then subjected to SDS-PAGE and quantitative Western blot analysis using antibodies to the caveolar membrane protein caveolin ([@B67]; [@B17]), the integral plasmalemmal Na^+^/K^+^ ATPase (Shyjan and Sevenson, 1989), or the α subunit of the AP-2 adaptor complex. Fig. [9](#F9){ref-type="fig"} illustrates that caveolin is expressed in the cultured hepatocytes and was detected readily in the starting postnuclear membrane fraction (Fig. [9](#F9){ref-type="fig"}, *a, top* and *b*, lane *1*). Significantly, the material isolated with the anti-Pan61 antibody contained substantial caveolin immunoreactivity, indicating that dynamin associates with caveolar membranes (Fig. [9](#F9){ref-type="fig"}, *a, top* and *b,* lane *2*). This association was prominent, since the anti-Pan61 antibody depleted most of the caveolin that was present in the starting membrane fraction (Fig. [9](#F9){ref-type="fig"}, *a, top* and *b,* lane *3*). In contrast, caveolar membranes were not isolated by the control anti--pIgA-R antibody since only trace amounts of caveolin were found in this immunoisolated fraction (Fig. [9](#F9){ref-type="fig"} *a, top* and *b,* lane *4*) and, as expected, most of the caveolin immunoreactivity remained in the fraction that did not bind to this antibody (Fig. [9](#F9){ref-type="fig"}, *a, top* and *b,* lane *5*). Also significant is the finding that neither the Na^+^/K^+^ ATPase nor the AP-2 adaptor complex were enriched in the anti-Pan61 immunoisolated fraction compared with the anti--pIgA-R immunoisolated fraction. This indicates that the caveolar membranes were isolated directly and not by an indirect interaction with the plasma membrane or clathrin-coated pits (Fig. [9](#F9){ref-type="fig"} *a*, *middle* and *bottom*). Immunoisolations done using a postnuclear membrane fraction from cultured human fibroblasts gave similar results, indicating that the association of dynamin with caveolae is not unique to the hepatocyte cell line used in this study (data not shown).

To complement the immunoisolation experiments described above, double label immunofluorescence microscopy of cultured hepatocytes was performed. Fixed cells were processed for indirect immunocytochemistry using a monoclonal anti-caveolin antibody to label caveolae and the polyclonal anti-Pan61 antibody to localize the endogenous dynamin. Representative micrographs obtained by confocal laser scanning microscopy are shown in Fig. [10](#F10){ref-type="fig"} and demonstrate the significant overlap of the two staining patterns. Although some of the caveolin and dynamin labeling remains separate, a striking colocalization on peripheral vesicles indicates that a population of caveolae is positive for dynamin. The dynamin immunoreactivity that is distinct from the caveolin labeling most likely represents a localization to clathrin-coated membranes, since double labeling with antibodies to dynamin and clathrin reveals a significant colocalization (data not shown; but see [@B35]). These results are consistent with the biochemical data presented in Fig. [9](#F9){ref-type="fig"} and support the body of evidence indicating that dynamin mediates the scission of caveolae from the plasma membrane in addition to its role in clathrin-mediated endocytosis.

Discussion {#Discussion}
==========

In this study we tested the function of Dyn2 in vivo by microinjecting specific inhibitory antibodies into cultured murine hepatocytes. Using a functional assay and ultrastructural analysis, we demonstrated that cells injected with anti-dynamin antibodies did not internalize fluorescent conjugates of transferrin but rather accumulated long plasmalemmal invaginations with attached coated pits. These observations confirm that Dyn2 regulates clathrin-mediated endocytosis in epithelial cells and are consistent with the *shibire^ts1^* phenotype ([@B42]; Kessel et al., 1989; [@B40]) and the reports of others using transfected cells overexpressing a mutant dynamin (Herskovitz et al., 1993; [@B91]; [@B14], [@B15]). Furthermore, these results demonstrate that this technique inhibits the function of the Dyn2 isoforms in living cells. By electron microscopy we observed, in addition to the clathrin-coated endocytic membranes, numerous plasmalemmal specializations resembling caveolae that also accumulated in the anti-dynamin antibody-injected cells. These plasmalemmal vesicles are distinct from clathrin-coated pits because they lack "bristle-like" coats, are 65--75 nm in diameter, and they have a characteristic omega or flask shape. Functional assays using FITC and HRP conjugates of cholera toxin B, a GM~1~ glycosphingolipid-binding ligand that is internalized via a caveola-mediated process ([@B49]; [@B87]; [@B58]; [@B76]), show that cholera toxin B internalization was inhibited dramatically in the anti-dynamin antibody-injected cells. Instead of accumulating within intracellular compartments as occurred in the control-injected cells, the toxin remained concentrated within complex caveolar invaginations at the surface of the anti-dynamin antibody- injected cells. In addition, immunoisolation experiments and double label immunofluorescence microscopy showed that dynamin associates with caveolae directly in cultured hepatocytes. These results provide important evidence that Dyn2 mediates the internalization of caveolae. Furthermore, this study suggests that Dyn2 supports the scission of distinct endocytic vesicles within mammalian cells.

Specificity of the Anti-dynamin Antibodies Used in This Study
-------------------------------------------------------------

This investigation used distinct anti-dynamin antibodies to inhibit the function of Dyn2 in living cells. To increase the probability of a specific functional inhibition, we used affinity-purified anti-peptide antibodies that were made to two distinct regions of Dyn2. The anti-Pan61 and anti-Pan65 antibodies are to an NH~2~-terminal domain that is conserved among the dynamin family, whereas the anti-Dyn2T antibody is to a COOH-terminal region that is unique to Dyn2 ([@B11]; [@B83]). Each of the antibodies recognized a prominent ∼100-kD dynamin band by Western blot analysis. We view these antibodies as remarkably sensitive and specific considering that dynamin is expressed in the liver at low levels. Indeed, few antibodies to date are able to recognize endogenous dynamin in nonneuronal cells, which is why dynamin once was considered to be brain-specific ([@B50]; [@B72]). Of the protein sequences that are listed in the Genbank and Swiss-Prot databases, Dyn1 is the most similar to Dyn2, sharing 26--42% identity within the tail region to which the anti-Dyn2T antibody was made. Significantly, the anti-Dyn2T antibody immunoprecipitated only trace amounts of Dyn1 from the brain, and, therefore, most likely interacts exclusively with Dyn2 when injected into cultured hepatocytes. Importantly, in this study similar results were obtained with either of the native anti-Pan65 and anti-Dyn2T antibodies but not with antibodies that were heat inactivated before injection to control for artifacts resulting from the injection procedure or from incomplete dialysis of the antibody solutions. In addition, we injected an irrelevant antibody to the vesicle-associated enzyme kinesin at a similar concentration as the anti-dynamin antibodies to control for nonspecific effects of injected antibodies.

Whereas the anti-Pan61 antibody was very efficient at immunoisolating caveolar membranes from a starting postnuclear membrane fraction, the anti-Pan65 and anti-Dyn2T antibodies were not. Future detailed biochemical studies will address whether the epitopes recognized by the anti-Pan65 and anti-Dyn2T antibodies are masked by interactions between the dynamin isoforms and target proteins or membranes. Importantly, however, immunofluorescence microscopy with the anti-Pan65 antibody gave a punctate labeling pattern that overlapped significantly with the caveolin labeling, similar to the anti-Pan61 antibody (data not shown, but see Fig. [10](#F10){ref-type="fig"}).

Role of Dyn2 in Distinct Endocytic Processes
--------------------------------------------

In this report we provide morphological evidence that indicates distinct endocytic structures accumulate in anti- dynamin antibody-injected cells. The long clathrin-coated invaginations identified by electron microscopy are characteristic of an inhibition of clathrin-mediated endocytosis ([@B42]; [@B14], [@B15]; Kessel et al., 1989; [@B40]; [@B79]). However, the marked accumulation of aberrant clusters of nonclathrin-coated, 65--75-nm-diam plasmalemmal vesicles resembling complexes of caveolae, and the dramatic increase in the surface density of caveolae are consistent with defective severing of these endocytic organelles from the plasma membrane ([@B76]). Caveolae contain a cytoplasmic coat that is not resolved readily by conventional transmission electron microscopy but can be detected by high resolution scanning electron microscopy or rapid freezing techniques ([@B61]; [@B67]). The integral membrane protein caveolin, also known as VIP21 ([@B24]; [@B25]; [@B43]), is a component of this cytoplasmic coat ([@B67]; [@B17]) and is necessary and sufficient for the de novo generation of caveolae (Chung, K.N., P.C. Elwood, and J.E. Heuser. 1996. *Mol. Biol. Cell.* 7:277*a. (Abstr.)*; [@B21]). This coat likely is responsible for generating the force for curvature of the plasma membrane and imparting the characteristic flask shape and 50--85 nm diam to caveolar buds. This study demonstrates that a functional dynamin isoform then is necessary for the scission of these plasmalemmal invaginations to form free internalized caveolae. Identifying other components of a "scission complex" that may coassociate with Dyn2 and caveolar membranes will be of great interest for future studies.

Until recently, it was presumed that caveolae were permanent fixtures of the plasma membrane ([@B8]; [@B22]; reviewed in [@B77]; [@B92]). This feature made the function of caveolae difficult to predict, although a role in the uptake of small molecules, or potocytosis, has been described (reviewed in [@B3]). Others have hypothesized a role in cellular signal transduction (reviewed in [@B1],*b*; [@B48]) and calcium homeostasis ([@B23]; [@B75]). Recently, several studies have provided persuasive evidence that caveolae actively sequester and internalize specific lipids, proteins, and associated ligands through an endocytic process (reviewed in [@B47]; [@B57]). Certain glycosphingolipids, including GM~1~ gangliosides, are enriched in vitro in nonionic detergent-resistant membrane fractions that are similar to isolated caveolar fractions (e.g., [@B7]; [@B17]; [@B18]; [@B43]; [@B74]). Many other studies have reported that the B subunit of cholera toxin, which specifically binds to GM~1~ gangliosides, is concentrated and internalized via nonclathrin-coated pits and vesicles that are distinct from those that are associated with clathrin-mediated endocytosis ([@B49]; [@B87]; [@B55]; [@B76]). Recently, [@B55] convincingly showed that cholera toxin is internalized via a caveola-mediated process but is not enriched in clathrin-coated pits and vesicles. In support of this, we found that inhibiting clathrin-mediated endocytosis in cultured hepatocytes by potassium depletion did not prevent the internalization of a fluorescent cholera toxin B conjugate (data not shown). These distinct endocytic pathways have different kinetics, with clathrin-mediated endocytosis occurring fourfold faster than internalization by caveolae (e.g., [@B19]; [@B87]). The protein phosphatase inhibitor okadaic acid stimulates caveola-mediated endocytosis, but inhibits the formation of clathrin-coated vesicles ([@B58]). Furthermore, the sterol-binding agent filipin has no affect on clathrin-mediated endocytosis yet inhibits the internalization of caveolae ([@B73]). Finally, activators of protein kinase C, which do not inhibit clathrin-mediated endocytosis, prevent the formation of caveolar invaginations ([@B81], [@B82]).

GTP hydrolysis is necessary for the severing of caveolar invaginations to produce discrete endocytic vesicles that are detached from the plasma membrane ([@B76]). Thus, the internalization of caveolae in this respect is analogous to clathrin-mediated endocytosis, which uses the cytoplasmic coat protein clathrin to form invaginations of a characteristic size and relies on a GTP-dependent scission event to form discrete coated vesicles from the plasma membrane ([@B9]; reviewed in [@B65]). Here we have shown that these two distinct pathways use the large GTPase dynamin to regulate the formation of free endocytic vesicles from specialized invaginations of the plasma membrane.

The functional experiments described here, in which the microinjected anti-dynamin antibodies inhibited the cellular uptake of cholera toxin B conjugates, provide strong support for the morphological data showing an accumulation of caveolae in these cells. Together, these results indicate that Dyn2 participates in caveola-mediated endocytosis. Our results are consistent with the observations of others who have shown that cholera toxin B is endocytosed via caveolae and trafficked to endosomes ([@B49]; [@B87]; [@B55]); the Golgi apparatus ([@B36]; [@B69]); and, under certain conditions, elements of the endoplasmic reticulum ([@B71]). Although in the latter study thapsigargin was used to induce movement to this compartment, the cultured hepatocytes used in this study apparently transport substantial amounts of the conjugated toxin back to the endoplasmic reticulum and the nuclear envelope during a 2.5-h incubation. This caveola-mediated endocytosis was much slower than clathrin- mediated endocytosis. In uninjected and control-injected cells, incubations of 1--2 h were required to accumulate the cholera toxin B conjugates intracellularly, whereas only 5--15 min were necessary to internalize the fluorescent conjugates of transferrin. Regardless, both of these endocytic processes were inhibited equally by the injected anti-dynamin antibodies. Electron microscopy revealed that in the anti-dynamin antibody-injected hepatocytes, HRP--cholera toxin B was concentrated in caveolar profiles at the plasma membrane. Because the cultured hepatocytes used in this study express caveolin, we are confident in identifying these small plasmalemmal invaginations as caveolae. In support of this, we have shown that the anti-Pan61 antibody immunoisolates caveolin-containing membranes directly and not by an indirect association with the plasma membrane. Furthermore, using this same antibody and an anti-caveolin antibody we have performed double label immunofluorescence microscopy of cultured hepatocytes to show that dynamin localizes to caveolae. Thus, we have concluded that anti-dynamin antibodies inhibit caveola-mediated processes based on multiple criteria: first, the characteristic shape and size of the accumulated structures; second, the fact that toxin-containing invaginations are not clathrin-coated and that toxin conjugates are internalized normally when clathrin-mediated endocytosis is inhibited by potassium depletion; third, the distinct time frame in which ligands for clathrin-mediated and caveola-mediated pathways are internalized; fourth, results from the immunoisolation experiments and double label immunofluorescence microscopy that indicate that dynamin associates directly with caveolae; and fifth, and most importantly, the numerous careful studies published by others demonstrating the internalization of cholera toxin by caveolae ([@B49]; [@B87]; [@B55]; [@B76]). Finally, our results are consistent with those of Schnitzer and coworkers ([@B53]), who have used an in vitro assay to demonstrate that a dynamin-depleted cytosolic fraction does not support the severing of caveolae from isolated plasma membrane fractions until additional exogenous dynamin is added back to the assay.

Before this study, the answer to whether dynamin participated in endocytic pathways other than clathrin-mediated endocytosis was not clear (see [@B6]; [@B88]). Observations from cells of the *shibire^ts1^* mutants indicate that fluid-phase endocytosis is completely inhibited at the restrictive temperature (Kessel et al., 1989; [@B41],*b*). Studies of transfected epithelial cells overexpressing a mutant Dyn1 isoform, however, have indicated that dynamin functions in clathrin-mediated endocytosis specifically and not in other forms of fluid-phase endocytosis ([@B14], [@B15]; Herskovitz et al., 1993). In fact, fluid-phase endocytosis actually was upregulated in these cells in response to the inhibition of clathrin-mediated endocytosis ([@B15]). Significantly, like the *shibire* gene mutation, we have found that the anti-dynamin antibodies used in this study inhibit fluid-phase endocytosis in mammalian cells (Henley, J.R., and M.A. McNiven, manuscript in preparation) in addition to their effect on clathrin- and caveola-mediated endocytosis. Because of alternative splicing of the mRNA, Dyn2 is expressed as at least four isoenzymes in epithelial cells; therefore, it is possible that the microinjected anti-dynamin antibodies are inhibiting dynamin isoforms that an overexpressed mutant Dyn1 isoform would not. Certainly, defining the precise dynamin isoforms which participate in these distinct endocytic processes will prove interesting.
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![A dynamin antibody immunoisolates caveolar membranes. Representative immunoblots (*a*) and densitometric analysis (*b*) showing that caveolar membranes can be immunoisolated with an anti-dynamin antibody. (*a*) A starting postnuclear membrane fraction was prepared from cultured murine hepatocytes (lane *1*), and fractions were immunoisolated with the anti-Pan61 (lane *2*) and control anti--pIgA-R (lane *4*) antibodies linked to paramagnetic beads. Immunoisolated fractions were collected with a magnet, whereas material that did not bind to the anti-Pan61 (lane *3*) and control anti--pIgA-R (lane *5*) antibodies was pelleted by centrifugation and collected as the nonbound fractions. Fractions then were subjected to SDS-PAGE and quantitative Western blot analysis using antibodies to the caveolar membrane coat protein caveolin (*top*); the Na^+^/K^+^ ATPase as a plasmalemmal marker (*middle*); and α-adaptin, a marker for AP-2/clathrin coats at the plasma membrane (*bottom*). Caveolin is enriched substantially in the immunoisolated fraction obtained with the anti-Pan61 antibody over that found in the fraction obtained with the control antibody, whereas the plasmalemmal Na^+^/K^+^ ATPase and the AP-2 adaptor complex are not. Similar results were found from experiments done on cultured human fibroblast membrane fractions (data not shown). (*b*) Quantitation of the caveolin immunoreactivity that was detected in each of the fractions described above. Western blots were subjected to densitometric analysis and the relative intensity of the caveolin band in each fraction was normalized to the starting membrane fraction, which was set at 100%. Quantitation was done on blots from at least two experiments, with similar results (not shown).](JCB29304.f9){#F9}

![Characterization of dynamin-specific antibodies. (*a*) Diagram depicting the portions of dynamin to which anti-peptide antibodies were made. Two regions (*Pan61* and *Pan65*) are located within the NH~2~-terminal "head" domain near the last of three GTP-binding elements (*black boxes*) and are conserved among the different dynamin isoforms. A third region (*Dyn2T*) is located within the proline-rich COOH-terminal "tail" domain (*PRO, shaded region*) and is unique to Dyn2. The location of the pleckstrin homology domain is indicated (*PH, striped box*). (*b*) Antibodies to the Pan61, Pan65, and Dyn2T peptides react with dynamin specifically by Western blot analysis. A cytosolic fraction was prepared from rat liver and then subjected to SDS-PAGE and Western blot analysis using the anti-Pan61 (lane *1*), anti-Pan65 (lane *2*), and anti-Dyn2T (lane *3*) antibodies, or polyclonal antibodies that are specific for Dyn1 (lane *4*) and kinesin (lane *5*) as controls. A prominent dynamin band at ∼100 kD (*arrow*) was detected with the anti-Pan61, anti-Pan65, and anti-Dyn2T antibodies but not with the anti-Dyn1 antibody, since Dyn1 is not expressed in epithelial tissues. The anti-kinesin antibody recognized a characteristic ∼120-kD band. The positions of molecular mass standards are on the left. (*c*) The anti-Pan61 and anti-Pan65 antibodies immunoprecipitate both Dyn1 and Dyn2 from rat brain, whereas the anti-Dyn2T antibody is specific for Dyn2. Dynamin was immunoprecipitated from a crude brain homogenate (lane *1*) using affinity-purified anti-Pan61 (lane *2*), anti-Pan65 (lane *3*), and anti-Dyn2T (lane *4*) antibodies. Control immunoprecipitates were obtained with the anti-kinesin antibody (lane *5*). The starting brain homogenate and subsequent immune complexes were subjected to SDS-PAGE and Western blot analysis with either a Dyn1-specific antibody (*top*) or the anti-Dyn2T antibody (*bottom*). Both Dyn1 and Dyn2 precipitated with the anti-Pan61 and anti-Pan65 antibodies, whereas the anti-Dyn2T antibody precipitated Dyn2 specifically, with only trace amounts of Dyn1 detected.](JCB29304.f1){#F1}

![Quantitated inhibition of clathrin-mediated endocytosis in anti-dynamin antibody-injected hepatocytes. The clathrin-mediated endocytosis of rhodamine- and Texas red--labeled transferrin is reduced greater than fourfold in cells injected with the anti-dynamin antibodies over that in control-injected cells. Hepatocytes were injected with the anti-kinesin (*αKin*; *n* = 78) and heat-inactivated (*HI Ab*; *n* = 271) antibodies as controls or the anti-Pan65 (*αPan65*; *n* = 135) and anti-Dyn2T (*αDyn2T*; *n* = 457) antibodies. Cells then were incubated with rhodamine- or Texas red--transferrin, fixed, and then processed for fluorescence microscopy as in Fig. [2](#F2){ref-type="fig"}. For each condition the number of injected cells that internalized the transferrin conjugate (those containing red fluorescence) was counted and expressed as a percentage of the sum of injected cells.](JCB29304.f3){#F3}

![Quantitated inhibition of caveola-mediated endocytosis in anti-dynamin antibody-injected hepatocytes. Caveola-mediated endocytosis of FITC--cholera toxin B is reduced greater than fourfold in cells injected with the anti-dynamin antibodies over that in the control-injected cells. Hepatocytes were injected with anti-kinesin (*αKin*; *n* = 277) and heat-inactivated (*HI Ab*; *n* = 93) antibodies as controls or the anti-Pan65 (*αPan65*; *n* = 46) and anti-Dyn2T (*αDyn2T*; *n* = 184) antibodies. Cells then were labeled with FITC--cholera toxin B, fixed and processed for fluorescence microscopy as in Fig. [6](#F6){ref-type="fig"}. As described in Fig. [6](#F6){ref-type="fig"}, the criteria for counting a cell positive for internal FITC--cholera toxin B was the presence of perinuclear green fluorescence and a dark nucleus (or nuclear "ghost"). For each condition the number of injected cells that internalized the toxin conjugate was counted and expressed as a percentage of the total.](JCB29304.f7){#F7}

###### 

Relative Internal Volume of Ruthenium Red--labeled Plasmalemmal Invaginations in Antibody-injected Hepatocytes

  Injected antibody      Surface invaginations[\*](#TFI-150){ref-type="table-fn"} (percent cell volume)      Range (percent cell volume)      *n*      Increase over control (-fold)
  ------------------- -- -------------------------------------------------------------------------------- -- ----------------------------- -- ----- -- -------------------------------
  HI Ab                          0.50 ± 0.14                                                                 0--2.62                          23       1.0
  αDyn Ab                 0.98 ± 0.20[‡](#TFI-152){ref-type="table-fn"}                                      0--5.09                          34       2.0

Hepatocytes were injected with heat-inactivated antibodies as controls (*HI Ab*) or anti-dynamin antibodies (*αDyn Ab*; anti-Pan65, *n* = 27 and anti-Dyn2T, *n* = 7), then fixed and processed for electron microscopy using ruthenium red to stain the plasma membranes as in Fig. [4](#F4){ref-type="fig"}. The relative internal volume of ruthenium red--labeled plasmalemmal invaginations was determined with a grid overlay on electron micrographs of complete cell profiles (*n*).  

 Values are median relative volumes ± SEM.  

 Using the Wilcoxin rank sum analysis this value is significantly different from the control value (*P* \< 0.02; two-tailed test), whereas the values from individual data sets were not significantly different from each other.  

###### 

Surface Density of Caveolae in Antibody-injected Hepatocytes

  Injected antibody      Caveola density[\*](#TFII-150){ref-type="table-fn"}      Range                  *n*      Total surface membrane      Fold increase
  ------------------- -- ----------------------------------------------------- -- ------------------- -- ----- -- ------------------------ -- ---------------
                         *per μm*                                                 *caveolae per μm*               *μm*                        
  HI Ab                   0.93 ± 0.28                                             0.33--4.46             23       295.7                       1.0
  αDyn Ab                2.18 ± 0.30[‡](#TFII-152){ref-type="table-fn"}           0.74--7.91             34       307.2                       2.3

Hepatocytes were injected with heat-inactivated antibodies as controls (*HI Ab*) or the anti-dynamin antibodies (*αDyn Ab*; anti-Pan65, *n* = 27 and anti-Dyn2T, *n* = 7) then fixed and processed for electron microscopy using ruthenium red to stain the plasma membranes as in Fig. [5](#F5){ref-type="fig"}, *d* and *e*. The surface density of caveolae in antibody-injected hepatocytes was determined from electron micrographs of complete cell profiles (*n*) for each set of injections.  

 Values are expressed as the median density ± SEM.  

 Using the Wilcoxin rank sum analysis this value differs significantly from the control value (*P* \< 0.001; two-tailed test).  

![Microinjected anti-dynamin antibodies inhibit the internalization of rhodamine-transferrin in cultured hepatocytes. Fluorescence assay for clathrin-mediated endocytosis in living cells. Cultured hepatocytes were coinjected with FITC--dextran as a marker and either heat-inactivated (*top*) or native anti-Dyn2T antibodies (*bottom*). After a 2--4-h recovery period, the cells were incubated 15 min at 37°C in DME-BSA containing 5 μg/ml rhodamine-transferrin then rinsed and processed for fluorescence microscopy. The phase--contrast micrographs show an antibody-containing microneedle used to inject 2--3 cells in each field (*outlined*). The corresponding fluorescence micrographs show the green fluorescence of the dextran, indicating injected cells, and the red fluorescence of the internalized rhodamine-transferrin. The control- injected hepatocytes endocytosed the ligand as did the uninjected cells, whereas the anti-Dyn2T antibody-injected cells did not. Similar inhibition was found in the anti-Pan65 antibody-injected cells (not shown). Bar, 10 μm.](JCB29304.f2){#F2}

![Microinjected anti-dynamin antibodies inhibit the internalization of FITC-- cholera toxin B in living cells. Fluorescence micrographs of cultured hepatocytes injected with purified antibodies to kinesin (*a--c*) as a control, or the anti-Pan65 (*d--f*) and anti-Dyn2T (*g--i*) antibodies. Cascade blue hydrazide was included in the antibody solutions to identify injected cells (*a, d,* and *g*). Injected cells were incubated with FITC--cholera toxin B (*FITC-CTB*) at 4°C to allow binding, then rinsed and incubated in toxin-free medium for 2 h at 37°C to allow internalization. Cells were incubated an additional 30 min at 37°C in the absence (*b, e,* and *h*) or presence (*c, f,* and *i*) of Texas red--transferrin (*TR-Tfn*) then fixed for fluorescence microscopy as in Fig. [2](#F2){ref-type="fig"}. Asterisks mark injected cells. (*a--c*) In the control anti-kinesin antibody-injected cells and in the adjacent uninjected cells bright perinuclear green fluorescence (*arrows*) and noticeably dark nuclei indicate that caveola-mediated endocytosis of FITC--cholera toxin B has occurred. Likewise, the punctate red fluorescence in the double-labeled cells indicates that clathrin-mediated endocytosis of Texas red--transferrin was normal. In these cells the yellow fluorescence indicates a morphological overlap of the two ligands, most likely within endosomal compartments. (*d--i*) Cells that were injected with the anti-dynamin antibodies have little internal fluorescence when compared with the adjacent uninjected cells, indicating that the endocytic uptake of both FITC--cholera toxin B and Texas red--transferrin was inhibited. Bar, 10 μm.](JCB29304.f6){#F6}

![Microinjected anti-dynamin antibodies induce the accumulation of long clathrin-coated pits. Electron micrographs showing the long plasmalemmal invaginations and associated coated pits (*arrows*) that form in anti-dynamin antibody-injected cells. Hepatocytes were injected with the anti-Dyn2T antibody as in Fig. [2](#F2){ref-type="fig"} and then processed for electron microscopy with ruthenium red included in the fixatives to stain the surface membranes. (*a*) The densely stained structures, although deep within the cytoplasm near the nucleus (*N*), are continuous with the plasma membrane (*PM*). A nonclathrin-coated bud that is connected to a plasmalemmal invagination also can be seen (*arrowhead*). The outlined area is shown at higher magnification in *b*. (*b--d*) The bristle-like clathrin coat can readily be seen on the distended regions, or buds, of long plasmalemmal invaginations. Similar invaginations were found when the anti-Pan65 antibody was injected, but not in cells that were injected with the control solutions (not shown). Bars: (*a*) 0.3 μm; (*b--d*) 0.05 μm.](JCB29304.f4){#F4}

![Accumulation of distinct endocytic structures in cultured hepatocytes injected with anti-dynamin antibodies. (*a--c*) Electron micrographs show typical membrane invaginations found at the surface of cells that were injected with the Dyn2-specific anti-Dyn2T antibody. Numerous budding profiles (*small arrows*) lacking clathrin coats and resembling caveolae were found at the plasma membrane (*a* and *b*). Long "chains" of vesicles separated by constrictions (*arrowheads*) also were found attached to the plasma membrane (*b*). In addition, clusters of multiple vesicular profiles were observed deeper within the cell (*c, large arrows*). Similar structures were found in the anti-Pan65 antibody-injected cells but not in the control-injected cells. (*d* and *e*) Electron micrographs of anti-Dyn2T (*d*) and anti-Pan65 (*e*) antibody-injected cells that were fixed and stained with ruthenium red as in Fig. [4](#F4){ref-type="fig"}. Dark vesicles reveal both surface (*small arrows*) and deep (*large arrows*) membrane invaginations that are continuous with the plasma membrane. Bars, 0.15 μm.](JCB29304.f5){#F5}

![Anti-dynamin antibodies prevent the caveola-mediated endocytosis of HRP--cholera toxin B, as confirmed by electron microscopy. Electron micrographs show hepatocytes that were injected with either a heat-inactivated antibody as a control (*a*) or the anti-Pan65 antibody (*b--d*). After the injections, cells were incubated with HRP--cholera toxin B as in Fig. [6](#F6){ref-type="fig"}, fixed, then processed for diaminobenzidine cytochemistry and electron microscopy. (*a*) A control-injected cell showing the internal electron-dense peroxidase reaction product that is sequestered largely within elements of the rough endoplasmic reticulum (*ER*) and the nuclear envelope (*NE*), with little remaining at the plasma membrane (*PM*). (*b--d*) Cells injected with the native anti-Pan65 antibody have little, if any HRP--cholera toxin B labeling of the endosomes, the endoplasmic reticulum, and the nuclear envelope, with most of the peroxidase reaction product residing on the plasma membrane or in numerous caveolae (*arrows*) and grape-like caveolar clusters. Similar observations were made in cells injected with the anti-Dyn2T antibody (not shown). Bars: (*a*) 0.5 μm; (*b--d*) 0.2 μm.](JCB29304.f8){#F8}

![Dynamin localizes to caveolae in cultured hepatocytes. Fluorescence micrographs representing laser scanning confocal microscopy of cultured hepatocytes that were double labeled with a monoclonal anti-caveolin antibody (*a* and *c*) as a marker for caveolae and the polyclonal anti-Pan61 antibody (*b* and *d*) to label the endogenous dynamin. Two separate fields of cells are shown (*top* and *bottom*). A significant number of vesicular structures are labeled with both antibodies (*arrows* and *outlined areas*), indicating a colocalization of dynamin and caveolin. A similar staining pattern was obtained with the anti-Pan65 antibody but not in controls where primary antibodies were omitted (not shown). Bars, 8.0 μm.](JCB29304.f10){#F10}
